Psychometric performance was measured for contrast detection and spatial resolution tasks in foveal and peripheral vision. Objective evidence was obtained for a quantitative difference between resolution acuity and detection acuity in the peripheral field. These two types of spatial acuity differed by up to an order of magnitude (3 vs 30 e/deg at 30 deg eccentricity) and they varied with stimulus contrast in distinctly different ways. Contrast sensitivity at the resolution limit was an order of magnitude above the absolute threshold of unity and the shape of the contrast sensitivity function was significantly different from that measured for foveal vision. The results suggest that current models of eccentricity scaling of contrast sensitivity be re-evaluated to take account of the extensive aliasing zone of spatial frequencies which becomes functional in peripheral vision when the retinal image is well focused.
INTRODUCTION
A substantial body of evidence suggests that contrast sensitivity functions (CSFs) for peripheral vision have the same shape as those observed foveally, but are shifted to lower spatial frequencies (Koenderink, Bauman, Bueno de Mesquita & Slappendel, 1978; Rovamo, Virsu & Nasanen, 1978; Kelly, 1984; Johnston, 1987; Watson, 1987) . Although the high-frequency cutoff and peak contrast sensitivity both decline with increasing eccentricity for a fixed target size (Hilz & Cavonius, 1974; Koenderink et al., 1978; Rovamo et al., 1978; Robson & Graham, 1981) , peak contrast sensitivity is rendered independent of eccentricity by scaling the size of the grating stimulus to compensate for reduced peripheral acuity (Koenderink et al., 1978; Rovamo et al., 1978; Kelly, 1984) . Furthermore, scaling the target in this way has little effect on the high frequency cutoffs of peripheral CSFs (Koenderink et al., 1978; Rovamo et al., 1978) . From these results has emerged a widely accepted view that neural processing of image contrast is the same everywhere in the visual field, except for a spatial scaling factor related to cortical magnification (Rovamo et al., 1978; tTo whom all correspondence should be addressed. Wilson, Levi, Maffei, Rovamo & DeValois, 1990) .
To the contrary, another large body of evidence has accumulated over recent years which suggests that contrast sensitivity in the periphery was incompletely characterized in the early experiments described above. Gratings with spatial frequencies far beyond the classical resolution limit, as determined by the cutoff frequency of published CSFs, have been shown to be detectable in the periphery under a variety of conditions (Coletta & Williams, 1987; Williams & Coletta, 1987; Smith & Cass, 1987a; Thibos, Walsh & Cheney, 1987a; Thibos, Cheney & Walsh, 1987b; Williams, 1988; Anderson & Hess, 1990; Coletta, Williams & Tiana, 1990; Thibos & Bradley, 1993) . Visual perception of such stimuli is not veridical, but instead represents spatial aliases of the stimuli generated by neural undersampling of" the retinal image.
The purpose of the present study was to critically examine two implications of the recent work cited above. Firstly, since the sampling mechanism which limits grating resolution acuity in peripheral retina is qualitatively different from the optical mechanism which limits foveal acuity, it follows that the highfrequency cutoff of the CSF may not be an appropriate measure of resolution acuity in the periphery even though it is well accepted for central vision (De Valois & De Valois, 1988) . Doubt arises because the foveal convention implicitly assumes that acuity is limited by insufficient stimulus contrast, which does not apply in the periphery where acuity is limited by the ambiguity introduced by neural undersampling (Thibos & Bradley, 1995) . Secondly, the existence of aliasing in the periphery implies that contrast sensitivity for grating detection must be greater than unity over a broad range of spatial frequencies beyond the resolution acuity limit.
Another motivation for the present study stemmed from what we perceived to be a weakness of the neural scaling model of contrast sensitivity. As described above, the model does not take into account optical factors which are known to strongly affect the shape and extent of the foveal CSF (Campbell & Green, 1965; Williams, 1985b; Banks, Geisler & Bennett, 1987; Williams, Brainard, McMahon & Navarro, 1994) . Optical limitations are especially important at higher spatial frequencies and are thought to be responsible for the rapid, exponential decline in contrast sensitivity which limits foveal visual acuity to about 50 c/deg, a value far below the neural cutoff that obtains when viewing high-contrast interference fringes (Williams, 1985a) . Consequently, if the peripheral CSFs are scaled versions of the normal foveal function, and if the shape of the normal foveal function is the product of neural and optical filtering, then it follows that the peripheral CSF must also be optically limited to the same extent in order to preserve the notion that neural CSFs are the same shape everywhere in the visual field. However, optical factors should not have had much impact at the low spatial frequency ranges spanned by peripheral CSFs [e.g. 0-4c/deg at 30 deg eccentricity (Rovamo et al., 1978) ] unless the retinal stimulus was defocused by several diopters (Wang, Lopez & Thibos, 1995) . Since peripheral refractive errors were evidently left uncorrected in most of the earlier studies cited above, it is unclear to what extent published CSFs reflect optical blurring of the visual stimulus rather than neural scaling of contrast sensitivity.
In order to clarify the points raised above, we aimed to gather new evidence on the shape of the peripheral CSF for well-focused retinal stimuli over a broad range of spatial frequencies including the aliasing zone beyond the classical resolution limit.
METHODS

Stimulus
Stationary sinusoidal gratings were generated on the face of a Tektronix 608 monitor (P-31 phosphor, gamma corrected) by an electronic interface (Picasso, by Innisfree) controlled by a computer by Digital Equipment Corp.) . Grating contrast was calibrated with an imaging photometer (Spotmeter, by Photo Research). Mean luminance of the display was 80 cd/m 2. Subjects viewed the stimulus through a circular aperture of the same mean luminance. Viewing distance was adjusted for each target eccentricity in order to produce an appropriate range of spatial frequencies. Accordingly, the diameter of the circular patch of grating was either 0.67 deg (foveal), 1.33 deg (10 deg eccentricity), or 2.67 deg (20 or 30 deg eccentricity). All experiments were conducted on the subject's right eye with the visual stimulus located on the horizontal meridian of the nasal visual field.
Subjects
One of the authors (LNT) served as principal subject and all of the data reported here were from this subject. This strategy was adopted so that a body of evidence from the same, highly trained individual could be compared without concern for inter-subject variability or learning effects. The major observations reported in this paper were confirmed with experiments on two other subjects (the other authors) over a 2 yr period.
Retinal image quality for central vision is optimized with the use of an artificial pupil of about 2.5mm (Campbell & Green, 1965) . However, as we have shown previously (Thibos, Bradley, Still, Zhang & Howarth, 1990; Thibos, Bradley & Zhang, 1991 ) the use of artificial pupils in peripheral vision is risky due to the serious possibility of inadvertently introducing an unknown amount of transverse chromatic aberration due to misalignment of the artificial aperture with the peripheral achromatic axis of the eye. To avoid this potential problem, we chose to use the natural pupil which stabilized at a diameter of 5 mm under the conditions of our experiments.
ReJraction
Accurate correction of peripheral refractive error was critical to the experiments of this study, Initial estimates were obtained by retinoscopy performed by an experienced optometrist (DLS). However, we could not be certain that optimal correction of refractive error was obtainable by this objective technique. Therefore, we developed a new boot-strapped version of the standard subjective technique used by clinical optometrists. The procedure was to ask the subject to identify which trial lens (a two-alternative, forced-choice procedure) maximized the apparent contrast of high frequency, aliased stimuli. By starting at low spatial frequencies for which lens power is not critical, we gradually increased the frequency of the peripheral target, all the time refining our estimate of the best lens. Eventually we were testing with high spatial frequencies comparable to those encountered when refracting central vision (e.g. 20 c/deg, or 20/30 Snellen equivalent). By this technique, the optimal lens could be determined to within 0.25 diopters.
Protocol ./'or measuring psychometric ,functions .['or the resolution task
Resolution acuity was measured with an orientation identification task. A two-alternative, forced-choice paradigm was used in which each stimulus trial contained a grating chosen randomly to be oriented either vertically or horizontally. For each trial stimulus contrast was linearly ramped up from 0 to 80% over 0.25 sec, followed by an observation period controlled by the subject, and then ramped down to 0%. The subject's task was to indicate which orientation was present on each trial. Since resolution acuity varies systematically with orientation in the peripheral field (Rovamo, Virsu, Laurinen & Hyvarinen, 1982; Temme, Malcus & Noell, 1985) , different spatial frequency ranges were used for vertical and horizontal gratings and the percentage of correct responses was tallied separately for the two orientations. Six spatial frequencies for each orientation were randomly interleaved and a minimum of 20 trials per condition were conducted, resulting in a minimum of 240 trials per run.
Protocol ,for measuring psychometric .functions .['or the detection task
Detection performance was measured with a twointerval, forced-choice paradigm in which a horizontally oriented grating (80% contrast) was presented in either the first or second temporal interval. The other interval contained a uniform field of the same mean luminance as the grating. Stimulus duration was controlled by the subject. The subject's task was to indicate which interval contained spatial contrast (i.e. was not uniform). Six spatial frequencies for each orientation were randomly interleaved and a minimum of 20 trials per condition were conducted, resulting in a minimum of 120 trials per run.
Staircase protocol
For experiments involving parametric variation of contrast or spatial frequency, it was expedient to use a staircase procedure in which three consecutive correct responses were required to change to a more difficult condition (i.e. decrease contrast or increase frequency) but only 1 error would change to an easier condition. This rule is designed to yield the 79% correct point on the psychometric function, which is close to the threshold (~) of a Weibull psychometric function (see below).
Step size was + 10% of the current value. The staircase was terminated after seven reversals and the mean reversal value was taken as threshold. Standard deviation of the seven reversal values was typically less than 10% of the mean over a wide range of stimulus conditions. For the resolution task, responses to vertical and horizontal gratings were tracked separately with dual, interleaved staircases.
Data analysis
Weibull psychometric functions (Nachmias, 1981) of negative slope having the functional form
were fit to experimental data by the method of least squares. In this equation f is spatial frequency of the grating, :~ is the value off for which the slope of the curve is greatest when plotted on a log f abscissa, and # is a steepness parameter which equals 2.36 times the slope on a log f axis, at the point f= e. We adopted the usual convention of taking,/" = ~ as a measure of cutoff spatial frequency, which in this case corresponds to a 68% correct criterion. To quantify the range of spatial frequencies for which performance falls from nearly flawless to nearly chance levels, we define
where f, is the spatial frequency which corresponds to probability c. The results of Experiment 3 were fit by a Weibull function of positive slope
where the independent variable f represents, in this experiment, grating contrast. Because of the asymmetry of the Weibull function, the convention of taking f = ~ as the cutoff value in this case corresponds to a criterion of 82% correct. Student's t-test (0.05 significance level) was used for statistical comparison of regression parameters.
RESULTS
Experiment 1: psychometric .['unctions ,for the resolution task
Psychometric functions for orientation identification of horizontal and vertical gratings located 30 deg in the horizontal nasal field are shown separately in Fig. 1 . A significant difference in cutoff spatial frequency for this resolution task is clearly evident for the two orientations (2.6 c/deg for vertical, 4.9 c/deg for horizontal). Similar results were found also at other retinal eccentricities, which implies that the sampling array which limits resolution is anisotropic. Performance was highly variable for spatial frequencies greater than the resolution cutoff but was persistently below chance levels over a limited range of frequencies from cutoff to two times cutoff. Coletta and Williams have called attention to this "'orientation reversal" phenomenon in parafoveal vision (Coletta & Williams, 1987 ), but we did Spatial frequency (cyc/deg) not pursue the issue further in the present series of experiments.
As illustrated by this example, the psychometric functions for grating resolution in the periphery using "~ an orientation-identification task are relatively steep in ho comparison with other visual tasks (Nachmias, 1981; O Harvey, 1986) . This observation reinforced the im-,., pression gained earlier using interference fringes that the o transition from veridical to aliased perception occurs over a very narrow range of spatial frequencies (Thibos ft. et al., 1987a) . To gather quantitative estimates of steepness, Weibull functions were fit to these and similar data obtained at other retinal eccentricities. The average value of steepness parameter /3 for these data was 14. For a Weibull function with /3 = 14, the transition from 95 to 55% correct occurs for a 21% change in spatial orientations is not our main purpose here, we will restrict the remainder of this report to horizontal gratings o o even though it was also necessary to record resolution ':" 4O-performance for vertical gratings. Second, switching 0_ to a more efficient staircase paradigm in subsequent experiments required some attention to the following fact. For spatial frequencies slightly above the resolution cutoff for vertical gratings it is possible for subjects to perform correctly in a single-staircase paradigm by adopting the strategy "if I can clearly see the orientation, 100-say horizontal, otherwise say vertical". To avoid this scenario, which would lead to spuriously high estimates "o 80-of performance, we employed dual, interleaved staircases (one for vertical and the other for horizontal) which °° 60i progressed independently, thus rendering the above estrategy ineffective.
(I)
Experiment 2: comparison of psychometric .[unctions .[or the resolution and detection tasks
20-
Performance for the resolution and detection tasks 2 measured for foveal vision and for three peripheral locations (10, 20 or 30 deg in horizontal nasal field) is illustrated in Fig. 2 . The main feature of these results is 100-that cutoff spatial frequencies differ greatly for the two tasks when the targets are located in the peripheral field ,,., but are virtually identical for foveal targets. For per-~ 80-ipheral targets, subjects performed flawlessly on the o detection task (squares) over a wide range of frequencies o 60-for which performance on the resolution task (triangles) was near chance levels. Throughout this frequency o 40-range subjects reported that the target was clearly visible n ° yet they could not correctly identify the targers orientation. A consistent feature of subjects' reports was that 20-the spatial pattern of contrast in the target always 2 appeared relatively coarse, on about the same spatial scale as gratings that were at, or below, the resolution limit. These observations are consistent with the claim that resolution in the periphery is limited by the ambiguity of aliasing caused by neural undersampling of the retinal image (Barlow, 1965; Snyder & Miller, 1977;  A: Ecc = 0 deg. Williams, 1985a; Thibos et al., 1987a, b; Anderson & Hess, 1990) . Accordingly, for the balance of this report we will refer to the range of frequencies between the detection and resolution cutoff frequencies as the "aliasing zone". Weibull functions were fit to each of the psychometric functions in Fig. 2 to obtain estimates of cutoff (~) and steepness (/3). The results of this curve-fitting exercise indicated that the values of/3 for resolution did not vary significantly with eccentricity. The mean value for the four curves shown was fl = 14 and none of the individual /3 values differed significantly from this mean. Accordingly, we incorporated the value/3 = 14 into the Weibull equation and refit the resolution data with ~ as the only free parameter. The results, shown by the dashed curves in Fig, 2 , clearly describe the data to an acceptable degree and this conclusion was confirmed by a statistical analysis of variance. A similar curve-fitting process was conducted for the detection data, but the /3-values for peripheral vision (mean = 5.6) were found to be significantly less than the foveal value (14). None of the individual /3 values for peripheral detection differed significantly from the mean and so we incorporated the value//--: 5.6 into the Weibull equation and refit the detection data with ~ as the only free parameter. The results are shown by the solid curves in Fig. 2 .
One striking feature of the comparisons drawn in Fig. 2 is that although the cutoff spatial frequency for resolution fell rapidly as the target shifted to greater eccentricities, the cutoff frequency for detection was nearly the same at all three peripheral loci. Consequently, one conclusion from this experiment is that detection acuity can greatly exceed resolution acuity in the peripheral field for natural view, which is also true for interference fringes formed directly on the retina (Thibos et al., 1987b) . Peripheral detection acuities measured here (2~22 c/deg) are within a factor of two of values measured previously for the same subject for interference fringes (47-34 c/deg), which in turn are near the theoretical limits imposed by spatial summation over the entrance apertures of individual cones (Miller & Bernard, 1983 : Thibos et al., 1987b . Such high levels of detection acuity for natural view could not occur in the presence of strong optical attenuation of image contrast by the eye's optical system. Thus the results of Fig. 2 are consistent with previous reports of relatively good image quality (i.e. high modulation transfer ratios) in the periphery, provided refractive errors are carefully corrected (Still, 1989; Navarro, Artal & Williams, 1993) .
Experiment 3: contrast sensitivity .for aliased stimuli
The results of Experiment 2 showed that flawless performance for detection of a high-contrast grating is possible for spatial frequencies in the aliasing zone beyond the resolution cutoff. To determine the minimum contrast required for reliable (but not flawless) performance at 30deg of eccentricity, we measured detection as a function of contrast. The spatial frequency Contrast (%) FIGURE 3. Psychometric function for contrast detection at a spatial frequency (7.1 c/deg) beyond the resolution limit. Target was a horizontal grating located 30 deg in the horizontal nasal field. Threshold determined with a staircase procedure was 23% (shown by arrow), which was not significantly different from the 19% value obtained from the fitted Weibull psychometric function.
(7.1 c/deg) selected for this experiment was well beyond the resolution cutoff (4.9c/deg) as estimated in Experiment 1 and the results are shown in Fig. 3 . The best fitting Weibull function has a threshold value of = 19% and so contrast sensitivity at this spatial frequency is 5.3 by this criterion. This result demonstrates that contrast sensitivity for the detection task can remain well above the absolute threshold of unity even when the spatial frequency is significantly beyond the resolution limit.
For all of the remaining experiments to be reported below, a more efficient staircase method was substituted for full psychometric functions. To verify that the staircase method would yield results consistent with those obtained from psychometric functions, we performed the staircase experiment under the same conditions as in Experiment 3. The measured contrast threshold was 23% (shown by the arrow in Fig. 3 ), which was not significantly different from the 19% value obtained from the Weibull psychometric function.
Experiment 4: comparison ~/ contrast sensitil,iO, ./br resolution and detection tasks
Contrast sensitivity functions for horizontal gratings measured at 30deg in the horizontal nasal field are compared in Fig. 4 for resolution (closed symbols) and for detection (open symbols). Overall, the shape of the CSF for detection is that ofa bandpass filter which peaks at about 1.5 c/deg. Reliable measurements could be obtained out to 20 c/deg and extrapolation of the data would suggest a cutoff spatial frequency for detection of about 30 c/deg, which is somewhat Jess than cutoff for the same subject viewing interference fringes (Thibos et al., 1987a) . Of course contrast sensitivity for resolution could be measured only for frequencies below the resolution limit, but over this limited frequency range we found the same sensitivity for resolution and detection. This result is consistent with Thomas's (1987) conclusion that for low spatial frequencies, there is no significant difference between contrast sensitivity for detection and for resolution at any eccentricity. In order to partition the spatial frequency spectrum into two zones corresponding to veridical and aliased perception, we asked the subject to adjust the spatial frequency manually to find the highest spatial frequency for which aliasing was not evident perceptually (Thibos et at., 1987a) . The result was 3.2 c/deg and this value is indicated by the vertical dashed line in Fig. 4 . Spatial frequencies throughout the aliasing zone depicted by the shaded region in this figure consistently elicited reports of subjective aliasing. Since the detection CSF passes smoothly through the transition frequency separating veridical and aliased perception, we conclude from this result that the sampling mechanism which limits resolution has no measurable effect on contrast detection in peripheral vision.
Experiment 5: effect of contrast on resolution acuity
The results of Experiment 4 showed that the veridical zone of frequencies is characterized by the following behavior: if grating contrast is high enough for the target to be detected then the target's orientation can also be identified. Conversely, no amount of contrast can make a grating's orientation identifiable if the spatial frequency is in the aliasing zone. These results suggested that resolution acuity should improve with increasing stimulus contrast only up to a point (about 10% under the conditions of Experiment 4), beyond which further increases in contrast will yield no improvement. To test this prediction, we conducted further experiments at the same retinal eccentricity using the staircase method in which spatial frequency was the independent variable and contrast was fixed. As shown in Fig. 5 , the predictions were borne out. As contrast increased, resolution acuity and detection acuity rose together until contrast reached about 10%, indicating that both detection acuity and resolution acuity are contrast-limited for lowcontrast targets. Further increases in contrast did not improve resolution acuity beyond 3.8c/deg although detection acuity continued to rise.
Experiment 6: comparison of CSFs for detection in central and peripheral vision
Contrast sensitivity functions for the detection task in central vision, measured using the same apparatus and procedures as used in Experiment 4, are compared with peripheral CSFs in Fig. 6 . Central vision was found to be more sensitive than peripheral vision at all spatial frequencies. Peak contrast sensitivity was 10 times greater in central vision but the cutoff spatial frequency was only twice that of peripheral vision. To compare the shapes of the two functions we first drew a smooth curve through the reveal data and then translated this template curve downward and to the left to match the peripheral Spatial frequency (cyc/deg) data. Clearly the shapes of the two functions are different, primarily because of the long tail on the peripheral function which extends across the aliasing zone of spatial frequencies from the resolution limit to the detection limit. Although an aliasing zone exists also in foveal vision (Williams, 1985a) , it could not be studied with the present apparatus because of low-pass filtering by the eye's optical system.
DISCUSSION
Evidence that resolution is sampling-limited
Prior to the discovery of aliasing in peripheral vision (Thibos & Walsh, 1985; Thibos et al., 1987a) , it was presumed that spatial resolution in the periphery is contrast-limited and therefore could be defined in the same way as for central vision, namely, as that spatial frequency for which contrast sensitivity falls to unity. A critical test of this hypothesis that resolution is contrast-limited is to present a test grating with spatial frequency just beyond the resolution limit. If the contrast hypothesis is correct, then the subject will not be able to discriminate the grating from a uniform field of the same mean luminance. Since performance in this task was in fact perfect at all eccentricities tested (see Fig. 2 ), we are able to firmly reject the contrast hypothesis, provided that the retinal image is well focused. This inference was verified directly at one retinal locus by measuring contrast sensitivity for the detection of gratings throughout the visible spectrum of spatial frequencies (Fig. 4) . We found that contrast sensitivity for detection was about 10 at the resolution limit, which confirms that failure to resolve the stimulus was not due to failure to detect the stimulus.
The alternative hypothesis, that resolution is sampling limited, is supported by the subjective reports of aliasing (Smith & Cass, 1987a; Thibos et al., 1987b; Thibos & Bradley, 1993) , by motion reversal illusions (Smith & Cass, 1987b; Anderson & Hess, 1990; Coletta et al., 1990) , and by the close correlation between resolution acuity and anatomical estimates of the Nyquist limit of the array of retinal ganglion cells (Thibos et al., 1987b) . Experiment 5 of the present study constitutes an additional test of the sampling hypothesis. If resolution is sampling limited, then decreasing contrast should have no effect on resolution performance until contrast falls below threshold for detection of gratings at the Nyquist limit (about 10% according to Fig. 4) . As predicted by the sampling hypothesis, resolution acuity was found to be independent of contrast over the range 10-80% (Fig. 5) . This result also implies that the effective, neural sampling-density did not change appreciably over this contrast range. For stimulus contrasts below the threshold value of 10%, the atiasing zone vanished which we interpret as evidence that the limiting factor for resolution performance had changed from neural undersampling to contrast sensitivity.
Measurements of contrast sensitivity for resolution in the transition zone from veridical to aliased perception provides additional clues about the mechanism which limits resolution in the periphery. Contrast sensitivity for detection was found to be about l0 at the resolution limit, a full order of magnitude greater than the absolute threshold of unity. On the other hand, contrast sensitivity for resolution fell precipitously from 10 to 1 over a very narrow range of frequencies (about 3 to 3.8 c/deg in Fig. 4) . A conventional interpretation of this result might be that, since sensitivity is falling, the target must be getting less visible. However, this can't be true since contrast sensitivity for detection remains high over this frequency range. Some insight into the reason for this seemingly contradictory behavior was gained from subjects' verbal reports. For stimulus frequencies below the resolution limit, if the contrast is high enough for the pattern to be visible then the pattern's orientation is also clearly evident. Near the resolution limit, however, aliasing begins to mask the true orientation of the stimulus and mistakes are often made at low contrasts. The staircase procedure compensates by increasing stimulus contrast, which redresses the balance sufficiently to allow better-than-chance performance for frequencies slightly higher than the Nyquist limit of 3.2 c/deg (the highest frequency for which aliasing was not observed). However, this strategy of increasing stimulus contrast to overcome the ambiguity of aliasing has only limited success and is totally ineffective beyond a certain limit (3.8 c/deg in Fig. 5 ). Thus, in our view, the steep decline in contrast sensitivity for resolution just beyond the Nyquist frequency reflects a truncation imposed by neural sampling on the wider-ranging CSF for detection.
Comparison of techniques for measuring resolution acuity
Several operational definitions of visual resolution have been suggested for peripheral vision which are based on the proposition that performance is sampling limited. In an earlier paper we suggested that the transition from veridical to aliased perception of gratings be used on the grounds that this criterion conforms to our intuitive notion that resolution entails the veridical perception of the component parts of a spatial stimulus (Thibos et al., 1987a) . Williams and Coletta (1987) employed a more objective technique of orientation discrimination which allows the use of rigorous, forcedchoice methodologies. However, they found that subjects continued to perform the orientation discrimination task at better than chance levels for spatial frequencies high enough to cause obvious subjective aliasing. Therefore, they argue, threshold for the orientation identification task will overestimate the Nyquist limit as defined by the onset of aliasing. Present experiments confirmed their conclusion: threshold for an orientationidentification task (Fig. 5 ) was 3.8 c/deg for horizontal gratings at 30 deg eccentricity, which overestimated by 19% the estimated Nyquist limit of 3.2 c/deg estimated subjectively by the onset of aliasing.
Subjective reports by subjects helped clarify the reason for this small, but reliable, difference between subjective and objective measurements of resolution acuity. In the center of the narrow zone of frequencies where orientation-discrimination performance was better than chance but not perfect (i.e. the steep part of the psychometric function for resolution), observers reported that the stimulus was only partially misrepresented by aliasing. Incomplete ambiguity of the stimulus could explain why mistakes were sometimes made in identifying the pattern's orientation. On the other hand, despite this aliasing handicap, subjects found it possible to glean some sense of the pattern's true orientation (e.g. "it looks oblique, but if I am forced to choose I'd say it is closer to horizontal than vertical") and so perform better than chance. Interestingly, in some cases (e.g. Fig. 1 ) subjects performed worse than chance, an example of the phenomenon of orientation reversal described previously by Williams and Coletta (1987) . A related phenomenon of motion reversal, another technique for estimating the Nyquist limit (Anderson & Hess, 1990; Coletta et al., 1990) , was not investigated in the present series of experiments.
The rapid drop of performance evident in the psychometric functions for resolution in Fig. 2 indicates that the transition from veridical perception to aliasing occurs over a very narrow range of spatial frequencies. This confirms our earlier impression that the transition is abrupt, which is probably why method of adjustment gives such repeatable results (Thibos et al., 1987a) . When plotted on a log-frequency axis, data sets obtained at different eccentricities are well fit by the same template curve (Weibull function with /3 = 14) translated along the logarithmic frequency axis. According to equation (2), this means that a 21% change in spatial frequency reduces performance from 95% correct to 55% correct, independent of eccentricity. These results support Westheimer's observation that the ratio of standard error/mean for minimum angle of resolution measurements taken at various eccentricities is nearly constant, which led him to recommend that the logarithmic scale be adopted as a standard for visual acuity since just noticeable differences in acuity are everywhere equal on the scale (Westheimer, 1979) .
Comparison of results with the literature
It is puzzling that most previous studies of contrast sensitivity in peripheral retina did not reveal a highfrequency tail extending beyond the resolution limit. We can think of two possible explanations for this discrepancy. First, many of the older studies did not correct refractive errors in the periphery, usually on the grounds that optical correction was unnecessary since peripheral resolution is not optically limited (Millodot, Johnson, Lamont & Leibowitz, 1975) . Optical defocus was especially likely in those studies which varied target distance in order to change spatial frequency or size of the stimulus. Second, it may have been that subjects were inclined to use a resolution criterion even if explicitly instructed by the experimenter to use a detection criterion. In an attempt to discover if either of these possibilities might account for the discrepancy with earlier results, we estimated the cutoff spatial frequency of published CSFs by extrapolation. All of the studies included in this analysis specified that a detection task was used (Daitch & Green, 1969; Hilz & Cavonius, 1974; Rovamo et al., 1978; Johnston, 1987) . In addition, one study explicitly compared detection and orientation discrimination tasks and so we included both of those datasets for comparison. The results of these alleged detection experiments, shown in Fig. 7 , clearly make a better match to our cutoff values for resolution than for detection derived from Fig. 2 . This comparison suggests that previous experimenters failed to observe the highfrequency tail of the CSF for detection because their subjects did not make use of aliased percepts to make their judgments, possibly because of optical blur due to uncorrected refractive errors. Unlike previous studies, we find that the CSFs for detection in the fovea and periphery are not the same shape. This difference in shape can be traced to the high-frequency, aliasing portion of the spectrum. As illustrated in Fig. 6 , a smooth curve fit to the foveal data describes the peripheral data only for frequencies below the resolution limit. Beyond the resolution limit, peripheral contrast sensitivity is significantly higher than predicted from the scaled foveal curve. Consequently, our results are incompatible with current models of peripheral vision which are based on scaling of CSFs (Wilson et al., 1990) .
Upon reflection, it would have been surprising to find CSFs for central and peripheral vision with the same shape under natural viewing conditions. The highfrequency portion of the foveal curve is dominated by optical factors (Campbell & Green, 1965; Banks et ul., 1987) which normally prevent the measurement of the high-frequency tail of the curve running through the Spatial frequency (cyc/deg) FIGURE 8. Comparison of our measurements of contrast sensitivity for grating detection in central (closed circles) and peripheral (filled diamonds) vision with those published by Williams (1985) for foveal sensitivity to interferometric fringes (open symbols) for three subjects. The smooth curve drawn by eye through the peripheral vision data was translated upwards and to the right to fit the foveal vision data. The high-frequency tail (corresponding to the aliasing zone in peripheral vision) fits Williams" interferometric data better than it fits our natural-view data.
aliasing zone for foveal vision (Williams, 1985a) . In the periphery, however, the aliasing tail may be exposed for study simply by ensuring that the retinal image is carefully focused. Thus we wouldn't expect the two curves in Fig. 6 to have the same shape because one is dominated by optics and the other reflects a combination of optical and neural factors. Clearly what is needed to test the possibility of spatial scaling of neural contrast sensitivity is a comparison of CSFs for central and peripheral vision, unencumbered by optical factors. Such data have not yet been published for peripheral vision, but since refractive errors were carefully corrected in the present experiments we suspect that the data of Fig. 4 were only slightly affected by optical attenuation (Still, 1989; Navarre et al., 1993L Therefore it is worth comparing this peripheral CSF with that published by Williams for foveal sensitivity to interferometric fringes (Williams, 1985a) . To do this, we drew a smooth curve through the peripheral vision data in Fig. 6 and then translated this curve upward and to the right to match our foveal vision data, as shown in Fig. 8 . The open symbols in Fig. 8 show Williams' foveal data from three subjects. Although the smooth curve does not extend into the aliasing zone for foveal vision, the curve clearly fits Williams' interferometric data better than it fits our natural-view data. This tantalizing result suggests that the neural scaling hypothesis may still be tenable, but in a different guise. To push the comparison further, however, will require estimates of contrast sensitivity in the periphery for interference fringes.
